COOPERATIVE  AGREEMENT  NUMBER  DAMD17-96-2-6017 


TITLE:  A  Novel  Gene  Gun-Mediated  IL-12  Gene  Therapy  for  Breast 
Cancer 


PRINCIPAL  INVESTIGATOR:  Ning-Sun  Yang,  Ph.D. 


CONTRACTING  ORGANIZATION:  . PowderJect  Vaccines,  Inc. 

:Madison,  Wisconsin  53711 


REPORT  DATE:  October  1997 

TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  Commander 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Frederick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  public  release; 

distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


mcQVAirry 


°^ECTED9 


19980209  036 


1 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington,  vA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 

1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

October  1997  Annual  (15  Sep  96  -  14  Sep  97) 

4.  TITLE  AND  SUBTITLE 

A  Novel  Gene  Gun-Mediated  IL-12  Gene  Therapy  for  Breast 
Cancer 

5.  FUNDING  NUMBERS 

DAMD17-96-2-6017 

6.  AUTHOR(S) 

Ning-Sun  Yang,  Ph.D. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Powder ject  Vaccines,  Inc. 

Madison,  Wisconsin  53711 

8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Commander 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Frederick,  Maryland  21702-5012 

10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200 

Advanced  breast  cancer  is  highly  metastatic,  and  no  methods  exist  to  prevent  relapse.  Animal 
studies  suggested  that  immunotherapy  might  achieve  regression  of  both  primary  tumors  and  metastases 
and  induce  immunological  memory  to  prevent  recurrence.  Unfortunately,  many  patients  experienced 
toxicity  from  high  systemic  cytokine  doses.  In  hopes  of  reducing  toxicity,  we  and  others  tested  localized 
cytokine  administration  via  gene  transfer.  Using  a  gene  gun  to  deliver  interleukin  12  (IL-12)  cDNA  to 
the  skin  over  a  tumor  site,  we  achieved  partial  to  complete  regression  and  antimetastatic  effects  in  six 
non-breast  mouse  tumor  models,  without  apparent  toxicity. 

We  are  now  testing  these  protocols  in  two  mouse  models  of  mammary  adenocarcinoma.  In  the 
moderately  immunogenic  TS/A  model,  we  achieved  complete  regression  in  50%  of  mice.  Those  mice 
remained  tumor-free  for  an  extended  period,  resisted  secondary  tumor  challenge,  and  displayed  aug¬ 
mented  cell-mediated  cytotoxicity,  thus  demonstrating  immunological  memory.  In  contrast,  for  the  non- 
immunogenic4Tl  tumor,  primary  tumor  growth  was  not  affected  by  IL-12  gene  therapy,  although  lung 
metastasis  was  significantly  reduced.  The  anti-metastatic  effect  in  the  4T1  model  appears  to  be  T  cell- 
independent,  and  we  are  investigating  its  mechanism.  These  results  suggest  that  a  similar  gene  therapy 
protocol  may  be  useful  in  human  breast  cancer  treatment. 

14.  SUBJECT  TERMS  Breast  Cancer 

15.  NUMBER  OF  PAGES 

32 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

Unclassified  Unclassified  Unclassified 

20.  LIMITATION  OF  ABSTRACT 

Unlimited 

Standard  Form  298  (Rev.  2-89) 

Prescribed  bv  ANSI  Std.  Z39-18 


NSN  7540-01-280-5500 


2 


FOREWORD 


Opinions,  interpretations,  conclusions  and  recommendations  are 
those  of  the  author  and  are  not  necessarily  endorsed  by  the  U.S. 
Army . 


Where  copyrighted  material  is  quoted,  permission  has  been 


obtained  to  use  such  material 


Where  material  from  documents  designated  for  limited 


distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material . 


ii<y 


Citations  of  commercial  organizations  and  trade  names  in 
this  report  do  not  constitute  an  official  Department  of  Army 
endorsement  or  approval  of  the  products  or  services  of  these 
organizations . 


m 


In  conducting  research  using  animals,  the  investigator ( s ) 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory 
Animals,"  prepared  by  the  Committee  on  Care  and  Use  of  Laboratory 
Animals  of  the  Institute  of  Laboratory  Resources,  National 
Research  Council  (NIH  Publication  No.  86-23,  Revised  1985). 

For  the  protection  of  human  subjects,  the  investigator ( s ) 


adhered  to  policies  of  applicable  Federal  Law  45  CFR  46. 


In  conducting  research  utilizing  recombinant  DNA  technology, 
the  investigator ( s )  adhered  to  current  guidelines  promulgated  by 
the  National  Institutes  of  Health. 


In  the  conduct  of  research  utilizing  recombinant  DNA,  the 
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A.  INTRODUCTION 


Invasive  breast  cancer  is  the  leading  form  of  cancer  among  women  and  the  second  biggest  killer, 
after  lung  cancer  (1).  For  a  woman  living  in  North  America,  the  lifetime  odds  of  getting  breast 
cancer  now  stand  at  1  in  8,  double  the  risk  of  1940  (1).  Approximately  180,000  women  were 
expected  to  be  diagnosed  with  breast  cancer  in  1995  (2),  with  more  than  40,000  expected  to  die 
from  metastatic  breast  cancer  (3). 

Although  substantial  progress  has  been  made  in  the  detection  and  treatment  of  localized 
(nonmetastatic)  disease,  there  has  been  relatively  modest  progress  in  the  treatment  of  advanced 
disease.  Thus,  there  is  an  urgent  need  for  new,  effective  therapeutic  approaches  for  metastatic 
breast  cancer. 

Cytokine  therapy  is  regarded  by  many  clinical  investigators  as  one  of  the  more  promising 
approaches  for  treatment  of  advanced  forms  of  cancers,  including  breast  cancer,  because  it  can  be 
directed  at  eradication  of  both  the  primary  tumor  and  its  metastases  via  activation  of  the 
antitumor  immunity.  Among  various  cytokines,  IL-12  in  particular  exerted  dramatic  antitumor 
effects  in  several  different  experimental  tumor  models  (4,5).  Unfortunately,  little  information  is 
available  for  mammary  tumor  models.  In  addition,  recombinant  IL-12  protein  in  therapeutic 
doses  can  be  toxic  to  mice  and  humans  (6,7). 

The  overall  goal  of  our  research  is  to  develop  an  immunological  approach  for  breast  cancer  gene 
therapy  that  results  in  regression  of  both  primary  tumors  and  residual  metastatic  foci,  and  can 
induce  sufficient  immunological  memory  to  prevent  tumor  recurrence  and  progression.  Based 
upon  our  previous  gene  gun  studies,  this  strategy  is  expected  to  exploit  the  gene  therapy  potential 
for  treatment  of  breast  cancer  without  the  toxic  side  effects  encountered  in  other  studies 
employing  cytokine  protein  therapy  (6,7). 

We  recently  reported  (8,9)  that  gene  gun-mediated  in  vivo  delivery  of  IL-12  DNA  elicited 
effective  antitumor  responses  with  no  evident  toxicity.  This  therapeutic  effect  was  achieved  via 
localized  transgenic  production  of  IL-12  protein,  at  a  systemic  level  at  least  1,000  times  less  than 
the  effective,  and  toxic,  dose  of  recombinant  IL-12  protein  delivered  systemically  (6,7,10).  We 
therefore  anticipated  that  gene  gun-mediated  IL-12  gene  therapy  might  be  effective  and  non¬ 
toxic  in  murine  models  of  mammary  cancer. 

To  our  knowledge,  there  have  been  no  reports  on  the  use  of  in  vivo  gene  therapy  against  murine 
mammary  tumors.  However,  our  previous  study  showed  that  six  out  of  six  tumor  models  tested, 
including  two  sarcomas,  a  renal  cell  carcinoma,  a  lymphoma,  a  melanoma  and  a  mastocytoma, 
responded  at  varying  degrees  to  gene  gun-mediated  IL-12  gene  therapy  in  vivo  (8).  Responses 
varied  from  complete  regression  to  a  slowing  of  tumor  growth,  depending  on  the 
immunogenicity  of  each  tumor.  These  syngeneic  mouse  tumor  models  resemble  several 
currently  employed  murine  mammary  tumor  models,  for  which  non-immunogenic,  poorly 
immunogenic,  and  highly  immunogenic  tumor  cell  lines  have  been  characterized  and  histology, 
tumorigenicity,  and  metastatic  capacity  recently  established  (11-17).  Thus  there  was  reason  to 
suggest  that  murine  mammary  tumors  also  may  be  responsive  to  this  gene  therapy  protocol. 
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The  purpose  or  the  work  reported  here  was  to  determine  whether  our  previous  success  with  in 
vivo  IL-12  gene  therapy  could  be  translated  to  murine  mammary  cancer.  We  proposed  to  do  this 
using  three  different  murine  mammary  cancer  models,  reported  to  have  different  characteristics 
regarding  immunogenicity,  tumorigenicity,  and  metastatic  potential.  As  described  in  the  body  of 
this  report,  we  were  able  to  carry  out  the  planned  experiments  with  two  of  the  three  murine 
mammary  tumor  lines  (the  third  being  contaminated  with  a  virus  that  was  not  admissible  in  our 
mouse  colony).  The  results  to  date  have  been  encouraging,  as  described  below. 
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B.  BODY  OF  REPORT 


Bl.  Experimental  Methods.  Assumptions,  and  Procedures 

Mice:  Balb/c  mice  were  obtained  from  Harlan-Sprague  Dawley  (Madison,  WI),  and  Balb/c  nude 
mice  from  Taconic  (Germantown,  NY).  Female  mice  8-12  weeks  of  age  were  used  in  the 
experiments.  Housing,  care  and  use  of  mice  were  conducted  in  accordance  with  the  Guide  for 
the  Care  and  Use  of  Laboratory  Animals  (NIH  publication  86-23,  National  Institutes  of  Health, 
Bethesda,  MD,  1985). 

Mammary  tumor  models:  TS/A  adenocarcinoma  (11,17)  and  4T1  adenocarcinoma  (13)  were 
kindly  provided  by  G.  Fomi  (Immunogenetic  and  Histocompatibility  Center,  Turin,  Italy)  and 
F.R.  Miller  (Michigan  Cancer  Foundation,  Detroit,  MI),  respectively.  Both  cell  lines  were 
established  from  spontaneous,  moderately  differentiated  mammary  adenocarcinomas  growing  in 
Balb/c  mice  and  are  metastatic.  Tumor  cell  cultures  were  maintained  in  RPMI-1640  medium 
supplemented  with  10%  fetal  bovine  serum,  2  mM  L-glutamine,  and  gentamycin  at  50  pg/ml. 
Before  being  injected  into  mice,  tumor  cells  were  detached  from  the  plastic  by  a  short  incubation 
in  Trypsin-EDTA  solution.  Mice  were  shaved  in  the  abdominal  area  and  injected  intradermally 
(i.d.)  with  1x10s  viable  tumor  cells  in  50  pi  Dulbecco’s  Phosphate  Buffered  Saline.  For  most  in 
vivo  experiments,  8  mice  per  group  were  tested;  for  survival  experiments,  12-16  mice  per  group 
were  evaluated.  Growth  of  primary  tumor  was  monitored  2-3  times  a  week  by  measuring  two 
perpendicular  tumor  diameters  using  calipers.  Tumor  metastasis  was  estimated  in  three  ways. 
Initially  the  metastatic  tumor  load  of  4T1  cells  was  assessed  by  weighing  the  excised  lungs  on 
day  31  after  tumor  cell  implantation,  when  it  was  noted  that  control  mice  had  become  moribund. 
In  later  experiments  the  primary  tumor  was  surgically  excised  on  day  11  post  tumor  cell 
implantation,  and  metastasis  was  estimated  either  directly  by  counting  tumor  foci  in  lungs 
stained  with  India  ink,  or  indirectly  by  noting  the  survival  time  of  mice  in  the  various  treatment 
(or  no-treatment)  groups. 

Transgene  expression  vectors:  We  used  plasmid  pWRG3169,  which  contains  the  coding 
sequences  for  the  p35  and  p40  subunits  of  murine  IL-12  arranged  in  the  same  orientation  in 
tandem,  with  each  driven  by  its  own  CMV  promoter.  This  construction  gave  the  highest  level  of 
IL-12  functional  activity  (stimulation  of  ConA-activated  spleen  cells)  and  immunoreactivity  (by 
ELISA)  when  compared  with  other  arrangements  including  a  bi-cistronic  construct  with  an 
internal  ribosome  entry  site.  This  and  a  luciferase  (Luc)  cDNA  expression  vector  have  been 
described  by  us  previously  (8). 

In  vivo  IL-12  gene  transfer  via  gene  gun:  For  all  in  vivo  skin  transfection  experiments,  we 
utilized  a  helium-pulse  Accell®  gene  gun  (Powdeiject  Vaccines,  Inc.,  Madison,  WI)  as 
previously  described  (8).  Briefly,  plasmid  DNA  was  precipitated  onto  gold  particles  (2.1  pm  in 
diameter)  and  coated  onto  the  inner  surface  of  a  Tefzel  tubing  (1/8”  outside  diameter,  0.93” 
inside  diameter;  McMaster-Carr,  Chicago).  The  tubing  was  cut  into  half-inch  segments,  each 
segment  being  a  gene  delivery  “cartridge”.  Conditions  were  adjusted  so  that  each  cartridge 
contained  0.5  mg  of  gold  and  1.25  pg  of  plasmid  DNA.  For  in  vivo  gene  delivery,  mouse  skin 
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overlying  and  surrounding  the  target  tumor  was  transfected  with  either  the  IL-12  cDNA  or  the 
Luc  cDNA  expression  vector.  Each  treatment  consisted  of  four  transfection  shots  (i.e.,  4 
cartridges  were  used  per  treatment),  containing  a  total  of  5  pg  of  plasmid  DNA.  The  DNA- 
coated  gold  particles  were  propelled  by  a  helium  gas  pulse,  at  a  discharge  pressure  of  300  pounds 
per  square  inch  (psi).  One  transfection  shot  was  delivered  directly  over  the  tumor  site,  and  three 
additional  transfection  shots  were  placed  at  adjacent  sites  around  the  tumor  site.  This  gene 
therapy  procedure  was  performed  2-3  times  per  week  for  two  weeks. 

In  vitro  cellular  immunology  studies:  Experimental  mice  were  treated  with  IL-12  cDNA  or 
Luc  cDNA  on  days  7  and  10  post  4T1  tumor  cell  implantation,  and  tumor  draining  (axillary) 
lymph  nodes  (TDLN)  were  taken  on  day  11.  Lymph  node  cells  (2xl06)  were  incubated  in 
culture  medium  without  any  stimuli  at  37°C  for  48  hr.  Cell  culture  supernatants  were  collected 
and  frozen  at  -20°C  until  testing.  IFNy  levels  in  cell  culture  supernatants  were  measured  by  an 
ELISA  kit  (Endogen,  Cambridge,  MA).  For  the  tumor  cell  proliferation  assay,  2xl04  4T1  tumor 
cells  in  triplicates  were  incubated  for  48  hr  in  the  absence  or  presence  of  serial  dilutions  of 
TDLN  cell-derived  culture  supernatants.  In  some  wells,  recombinant  mouse  IFNy  (Endogen, 
Cambridge,  MA)  and/or  anti-mouse  IFNy  mAh  ( Pharmingen,  San  Diego,  CA)  were  added.  The 
tumor  cells  were  labeled  with  3H-thymidine  for  6  hr,  trypsinized  and  harvested.  Radioactivity 
was  determined  using  a  Packard  liquid  scintillation  counter.  Proliferation  Inhibition  Index  was 
calculated  according  to  the  formula: 

Proliferation  in  medium  without  sample  -  Proliferation  in  medium  with  sample  x  100%. 

Proliferation  in  medium  without  sample 


Assumptions: 

•  We  assume  that  the  two  murine  adenocarcinoma  tumor-cell  lines  used  in  these  studies  are 
each  representative  of  part  of  the  range  of  human  breast  cancers,  with  regard  to 
immunogenicity  and  metastatic  potential.  This  assumption  is  discussed  further  in  the 
Discussion  section,  Part  B3. 

•  We  started  with  the  assumption  that  the  protocols  we  developed  previously  for  other  histo¬ 
logical  murine  tumor  types  (two  sarcomas,  a  renal  cell  carcinoma,  a  lymphoma,  a  melanoma 
and  a  mastocytoma)  would  likely  be  applicable  to  the  transplantable  mammary  tumor  lines 
used  in  this  study.  This  assumption  seems  to  have  been  borne  out,  as  shown  in  Results,  Part 
B2. 

•  We  did  not  assume  that  previously  reported  information  regarding  the  degree  of  immuno¬ 
genicity  of  the  TS/A  and  4T1  murine  mammary  tumor  lines  would  apply  in  our  hands  and 
under  our  experimental  conditions.  Before  beginning  the  planned  IL-12  gene  therapy 
experiments,  we  performed  experiments  to  test  the  immunogenicity  of  these  two  tumor  lines. 
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B2.  Results 


Immunogenicity  of  TS/A  and  4T1  tumors. 

Since  human  breast  cancer,  like  most  of  the  other  types  of  cancer,  is  considered  to  be  poorly 
immunogenic  (18),  we  decided  to  employ  for  our  study  the  weakly  immunogenic  or  non- 
immunogenic  murine  mammary  tumors.  TS/A  adenocarcinoma  was  described  as  non- 
immunogenic  in  some  studies  (11)  and  as  poorly  immunogenic  in  later  studies  by  the  same 
authors  (19).  We  could  not  find  a  published  reference  on  the  immunogenicity  of  the  4T1  tumor, 
although  it  was  personally  communicated  as  non-immunogenic  by  Dr.  F.  Miller  (Michigan 
Cancer  Foundation,  Detroit,  Michigan).  Therefore,  we  performed  preliminary  experiments  to 
test  the  immunogenicity  of  these  two  adenocarcinomas.  Balb/c  mice  were  immunized  i.d.  twice 
at  a  3-week  interval  with  106  gamma-irradiated  (5,000  rad)  TS/A  or  4T1  adenocarcinoma  cells. 
One  month  after  the  last  immunization,  mice  were  challenged  i.d.  with  105  viable  tumor  cells, 
and  tumor  growth  was  followed.  Fig.  1  shows  that  whereas  TS/A  tumors  did  not  grow  in  the 
mice  pre-immunized  with  irradiated  TS/A  cells,  4T1  tumors  grew  in  pre-immunized  mice  at  the 
same  rate  as  in  control  mice.  Our  data  confirm,  therefore,  that  TS/A  is  an  immunogenic  tumor, 
and  4T1  is  apparently  non-immunogenic. 

Effects  of  IL-12  gene  therapy  on  the  growth  of  primary  TS/A  and  4T1  tumors. 

We  next  evaluated  the  antitumor  effect  of  gene  gun-mediated  IL-12  gene  therapy  on  established, 
intradermal  TS/A  and  4T1  tumors.  The  mice  were  treated  according  to  a  standard  protocol  that 
we  previously  established  (8),  starting  on  day  7  after  tumor  cell  implantation.  IL-12  gene 
therapy  resulted  in  a  substantial  antitumor  effect  against  the  TS/A  tumor  (Fig.  2A),  in  that  50% 
of  treated  mice  rejected  established  tumors  (~4  mm  average  diameter  at  the  start  of  treatment). 
This  experiment  was  repeated  twice  more,  with  similar  results.  Also,  similar  to  what  we  reported 
in  a  previous  study  with  other  immunogenic  tumors  (8),  mice  that  rejected  TS/A  tumors 
remained  tumor-free  for  2  months  resisted  a  second  challenge  with  the  same  tumor  cells  (Fig.  3) 
and  were  able  to  generate  an  augmented  CTL  response  in  vitro  (Fig.  4).  In  contrast  to  the  TS/A 
tumors,  the  growth  of  the  4T1  primary  tumors  (Fig.  2B)  was  not  affected  by  IL-12  gene  therapy, 
consistent  with  the  apparent  non-immunogenic  nature  of  this  tumor. 

Localized  IL-12  gene  delivery  resulted  in  a  systemic  anti-metastatic  effect  against  4T1 
tumor. 

The  4T1  tumor  line  has  been  characterized  as  highly  metastatic  to  the  lungs  and  lymph  nodes  (13 
).  During  our  experiments  with  therapy  of  intradermal  primary  tumors,  as  described  above,  we 
noticed  that,  on  day  31  after  tumor  cell  implantation,  the  Luc  cDNA-treated  (control)  mice 
looked  moribund,  whereas  the  IL-12  cDNA-treated  mice  did  not  have  visible  signs  of  distress. 
When  the  mice  were  sacrificed  and  their  lungs  inspected,  we  noticed  a  striking  difference  in  the 
size  of  the  lungs  and  in  the  spread  of  metastatic  nodules  (Fig.  5).  The  anti-metastatic  effect  of 
IL-12  gene  therapy  was  further  analyzed  by  weighing  the  lungs.  Table  1  shows  that  the  average 
lung  weight  in  IL-12-treated  mice  was  significantly  lower  than  that  of  the  Luc-treated  mice  or  the 
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untreated  tumor-bearing  mice.  The  observed  effect  against  spontaneous  metastases  was  further 
confirmed  by  two  additional  criteria:  (a)  the  number  of  metastatic  nodules  in  the  lungs  and  (b) 
the  survival  time  of  mice  following  primary  tumor  excision. 

To  compare  the  number  of  tumor  nodules  in  the  lungs,  mouse  skin  was  transfected  with  either 
IL-12  cDNA  or  Luc  cDNA  on  days  7,10,14,17  and  20  after  4T1  tumor  cell  implantation.  Mice 
were  sacrificed  on  day  21  and  immediately  injected  intratracheally  with  India  Ink  followed  by 
lung  fixation  in  Feketr’s  solution  as  described  (20).  Mice  treated  with  the  Luc  cDNA  (n=8)  were 
scored  to  contain  24.5  +  3.8  visible  tumor  nodules  in  their  lungs,  whereas  mice  treated  with  the 
IL-12  cDNA  (n=5)  had  11.8  +  1.3  tumor  nodules  (pO.Ol). 

For  animal  survival  studies,  we  first  performed  an  experiment  to  determine  the  time  course  of 
spontaneous  metastasis  of  4T1  tumor  to  the  lungs.  The  primary  tumors  were  surgically  removed 
on  day  7,  11  or  17  post  tumor  cell  implantation  (n=8  in  each  group),  and  survival  time  of  the 
mice  was  followed.  When  the  tumor  was  removed  on  day  7,  62.5%  of  mice  survived  for  at  least 
120  days,  whereas  all  mice  with  tumors  removed  on  day  1 1  or  17  died  by  day  41  after  tumor  cell 
implantation.  These  results  show  that  4T1  tumors  start  to  metastasize  to  the  lungs  during  the 
first  week  of  tumor  growth,  and  that  by  day  11  virtually  all  mice  have  metastases  that  are 
destined  to  be  lethal.  Therefore,  in  the  following  experiments  we  excised  the  primary  tumor  on 
day  1 1  post  tumor  cell  implantation.  The  results  of  two  independent  experiments  on  the  time 
course  of  mouse  survival  are  presented  in  Fig.  6.  Mice  were  untreated  or  transfected  in  the  skin 
overlying  an  intradermal  tumor  with  the  IL-12  cDNA  or  Luc  cDNA  expression  vector  on  day  3 
(Exp.l)  or  day  4  (Exp.2),  and  then  on  days  7  and  10  after  4T1  tumor  cell  implantation,  followed 
by  tumor  excision.  The  combined  data  from  these  two  experiments  show  that  5  of  28  mice 
(17.9%)  treated  with  IL-12  cDNA  survived  the  spontaneous  metastases  and  were  considered 
“cured”,  whereas  only  1  of  28  (3.6%)  in  each  of  the  control  groups  survived  until  day  120  (the 
final  observation  day  of  that  experiment).  This  difference  between  the  IL-12  group  and  the 
pooled  control  groups,  5/28  versus  2/56  surviving,  was  statistically  significant  by  the  Fisher 
Exact  Test  (P  =  0.038).  Among  the  mice  that  died  during  the  course  of  the  experiments,  the  IL- 
12-treated  mice  lived  significantly  longer  than  the  Luc-treated  or  untreated  mice  (48.48  +  2.43, 
40.92  +  1.52  and  37.14  +  0.72  days,  respectively;  p<0.025).  Mice  that  survived  metastasis  were, 
however,  not  able  to  resist  a  challenge  with  105  4T1  tumor  cells  (data  not  shown).  Thus 
protective  immunological  memory  was  not  induced. 

Anti-metastatic  effect  of  IL-12  gene  therapy  in  nude  mice. 

We  have  previously  reported  (8)  that  the  regression  of  immunogenic  tumors  induced  by  the 
current  gene  gun-mediated  IL-12  gene  therapy  protocol  is  CD8+  T  cell-dependent.  However,  the 
apparent  inability  of  4T1  tumor  to  induce  a  specific  immune  memory  response  as  described 
above  argues  against  the  observed  anti-metastatic  effect  of  IL-12  gene  therapy  being  due  to  a 
classical  T-cell  response.  To  directly  assess  the  role  of  T  cells,  we  injected  4T1  cells  i.d.  into 
athymic  nude  mice  in  a  parallel  experiment  with  the  normal  euthymic  Balb/c  mice,  and  treated 
the  mice  with  our  standard  IL-12  gene  therapy  protocol  followed  by  evaluation  of  lung 
metastases.  Fig.  7  shows  that  IL-12  gene  therapy  resulted  in  a  similar  anti-metastatic  effect  in 
nude  mice  as  can  be  obtained  in  euthymic  mice,  suggesting  that  T  cells  were  likely  not  involved 
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in  the  anti-metastatic  effect  observed  in  the  4T1  tumor  model.  This  conclusion  is  supported  by  a 
T-cell  depletion  experiment  in  which  4T1  tumor-bearing  mice  were  treated  with  either:  (a)  Luc 
DNA,  (b)  IL-12  DNA  plus  control  immunoglobulin,  or  (c)  IL-12  DNA  plus  antibodies  to  murine 
CD4+  and  CD8+  T  cells  (Fig.  8). 

Activation  of  tumor-draining  lymph  node  cells  following  IL-12  gene  therapy. 

Since  it  appears  that  T  cells  may  not  play  a  role  in  the  observed  systemic  anti-metastatic  effect  of 
IL-12  gene  therapy,  and  because  IL-12  protein  did  not  exhibit  any  inhibitory  effect  on  the  growth 
of  4T1  tumor  in  vitro  (data  not  shown)  or  in  vivo  (Fig.  1),  our  working  hypothesis  is  that 
transgenic  IL-12  may  have  acted  by  stimulating  or  augmenting  some  local  or  regional 
nonspecific  host  defense  mechanisms  that  could  have  actively  suppressed  4T1  tumor  metastasis. 
It  has  been  shown  previously  that  following  subcutaneous  implantation,  4T1  tumor  first 
metastasizes  into  the  regional  lymph  nodes  and  than  into  the  lungs  (13).  We  hypothesized, 
therefore,  that  IL-12  gene  therapy  may  induce  an  immune  or  inflammatory  reactivity  in  tumor¬ 
draining  lymph  nodes  (TDLN)  which  in  turn  could  inhibit  tumor  growth,  invasion,  or  spreading. 

To  test  this  possibility,  we  first  evaluated  IFNy  production  in  TDLN,  because  it  has  been 
previously  shown  that  IL-12  can  readily  stimulate  IFNy  production  (5,21,22),  and  IFNy  can  be 
directly  cytotoxic  to  tumor  cells  (23).  Mice  were  injected  i.d.  in  the  middle  of  abdominal  area 
with  105  4T1  tumor  cells,  and  skin-transfected  with  IL-12  cDNA  or  Luc  cDNA  7  and  10  days 
later.  On  day  11,  the  draining  (axillary)  lymph  nodes  were  removed,  and  the  derived  cells 
(2xl06)  were  incubated  in  vitro  without  any  stimulation  at  37°C  for  48  hr.  The  cell-free 
supernatants  (conditioned  media)  were  assayed  for  IFNy  by  ELISA.  Table  2  shows  that  IL-12 
gene  therapy  resulted  in  a  substantially  enhanced  production  of  IFNy  in  TDLN  as  compared  with 
mice  treated  with  Luc  cDNA,  or  untreated  tumor-bearing  mice. 

We  then  determined  whether  the  conditioned  cell  culture  supernatants  of  TDLN  possessed 
inhibitory  activity  for  tumor  cell  proliferation  following  gene  therapy.  The  cell-free  supernatants 
at  various  serial  dilutions  were  added  to  4T1  tumor  cells  in  culture,  and  the  effect  on  proliferation 
of  these  cells  was  determined.  Fig.  9A  shows  that  culture  supernatants  from  TDLN  of  IL-12- 
treated  mice  inhibited  the  proliferation  of  4T1  cells  in  a  dose-dependent  manner.  In  contrast, 
culture  supernatants  of  TDLN  cells  from  Luc-treated  mice  did  not  show  a  significant  effect  on 
tumor  cell  proliferation.  The  observed  tumor  inhibitory  activity  was  not  neutralized  by  the 
addition  of  anti-IFNy  mAh  to  the  cell  supernatants,  whereas  the  same  mAh  neutralized  the  tumor 
inhibitory  activity  of  the  recombinant  murine  IFNy  (rMuIFNy)  protein  (Fig.  9B).  In  this 
comparative  experiment,  rMuIFNy  was  used  at  a  concentration  of  6  ng/ml,  which  was  similar  to 
the  IFNy  concentration  in  the  pooled  TDLN  cell  supernatant  at  1 :4  dilution  (Fig.  9A,B),  namely 
8-10  ng/ml,  based  on  two  separate  determinations. 
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B3.  Discussion 


The  leading  cause  of  death  of  women  with  breast  cancer  is  tumor  metastases  in  visceral  organs 
(1-3).  In  this  study  we  show  that  in  vivo  gene  therapy  with  IL-12  can  result  in  complete 
regression  of  in  50%  of  cases  of  the  immunogenic,  metastatic  murine  TS/A  adenocarcinoma 
growing  intradermally.  In  contrast,  using  the  same  gene  therapy  procedure,  we  found  no  effect 
of  IL-12  against  the  apparently  non-immunogenic,  intradermal  4T1  tumor.  Remarkably, 
however,  a  significant  reduction  of  lung  metastases  was  observed  in  4T1  tumor-bearing  mice  as  a 
result  of  IL-12  gene  therapy.  Therefore,  the  data  obtained  in  this  study  suggest  that  the  current 
gene  gun-mediated  IL-12  gene  therapy  protocol  may  have  clinical  application  to  future  treatment 
of  human  breast  cancers. 

The  understanding  of  tumor  immunogenicity  is  crucially  important  for  developing  rational 
design  of  cancer  immunotherapy  in  humans.  The  murine  tumors  used  in  this  study,  TS/A  and 
4T1  mammary  adenocarcinomas,  were  tested  for  immunogenicity;  we  found  the  TS/A  tumor  to 
be  immunogenic,  and  4T1  to  be  non-immunogenic  under  the  conditions  used  here.  In  two 
previous  studies,  TS/A  was  initially  described  as  non-immunogenic  (11,24),  but  later  as  poorly 
immunogenic  (19),  depending  on  the  assays  used  to  test  immunogenicity.  It  is  apparent, 
therefore,  that  the  definition  of  tumor  immunogenicity  in  cancer  immunotherapeutic  studies 
needs  to  be  standardized.  In  the  classical  animal  studies,  a  tumor  is  considered  to  be 
immunogenic  if  it  induces,  following  either  surgical  excision  or  vaccination,  protection  against  a 
secondary  tumor  challenge  in  vivo  (25).  However,  tumors  originally  classified  as  “non- 
immunogenic”  by  this  criterion,  after  being  biologically  or  transgenically  modified,  were  often 
able  to  induce  an  immune  response  even  against  the  unmodified  tumor  cells  (26-29).  Based  on 
such  studies,  it  is  now  believed  that  many  tumors  express  tumor-associated  antigens  (TAA) 
which  can  be  recognized  by  the  immune  system.  Therefore,  a  tumor  which  is  considered  to  be 
non-immunogenic  based  on  immunization-challenge  experiments,  such  as  the  4T1 
adenocarcinoma  in  our  study,  may  be  later  characterized  as  poorly  immunogenic  if  it  could  be 
modified  to  induce  an  immune  response.  We  are  currently  investigating  a  strategy  that  is 
designed  to  generate  a  T  cell-mediated  immune  response  against  the  4T1  tumor,  in  hopes  of 
generating  an  even  stronger  anti-metastatic  effect  when  combined  with  the  current  IL-12  gene 
therapy  protocol. 

It  has  long  been  claimed  that  most  human  tumors  are  non-immunogenic  because  of  their 
spontaneous  origin,  and,  therefore,  that  immunogenic  murine  tumor  cell  lines  were  invalid  as 
models  to  provide  therapeutic  applications  for  human  cancers  (30).  However,  recent  progress  in 
tumor  and  cellular  immunology  has  provided  good  evidence  that  some,  if  not  all,  human  tumors 
are  immunogenic,  as  defined  by  their  expression  of  TAA  that  can  be  recognized  by  T 
lymphocytes  (28,29,31).  For  human  breast  tumors,  the  best  characterized  TAA  are  HER-2/neu 
(32),  p53  (33)  and  DF3/MUC-1  (34),  and  these  antigens  have  been  shown  to  be  capable  of 
inducing  cytotoxic  T  cell  responses  in  patients  (35). 

As  a  result,  immunotherapeutic  strategies  for  treatment  of  metastatic  breast  cancers  have  received 
increased  attention  in  recent  years.  One  such  approach  involves  the  use  of  recombinant 
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cytokines  with  the  purpose  of  boosting  the  existing  antitumor  immune  response.  Studies  in 
animal  models  have  shown  that  IL-12,  when  compared  with  other  cytokines,  has  outstanding 
antitumor  efficacy  (4,5,9),  as  was  expected  based  on  its  known  immune  stimulatory  effects  on 
Thl  cells,  cytotoxic  T-cells  and  natural  killer  cells  (36).  Based  on  these  studies,  clinical  trials 
with  IL-12  were  initiated.  Unfortunately,  the  first  clinical  trial  protocol  revealed  substantial 
toxicity  of  recombinant  IL-12  protein  in  humans,  resulting  in  the  death  of  two  patients  and  severe 
side  effects  in  15  others  (7).  Although  the  lack  of  a  pre-dosing  schedule  was  suggested  as  the 
cause  for  this  toxicity,  recent  experiments  have  also  suggested  a  need  to  explore  alternative  IL-12 
delivery  mechanisms,  to  assure  treatment  that  is  both  safe  and  effective  (37).  Using  an  IL-12 
gene  therapy  approach,  we  have  shown  that  localized  in  vivo  IL-12  gene  transfer  into  skin  tissue 
can  result  in  eradication  of  established  murine  tumors  and  their  metastases,  leading  to  the 
generation  of  a  strong  tumor-specific  immunological  memory  (8).  More  importantly,  no  signs  of 
IL-12  toxicity  were  observed  following  this  gene  gun-mediated  therapy  protocol  (9). 

In  the  current  study,  we  are  extending  our  research  on  cancer  gene  therapy  to  breast  cancer  model 
systems.  Results  summarized  above  show  that  two  murine  mammary  tumors  are  susceptible  to 
IL-12  gene  therapy.  Complete  tumor  regression  was  achieved  in  the  TS/A  tumor  model  and  was 
accompanied  by  generation  of  immunological  memory,  similar  to  our  findings  with  other 
immunogenic  tumors  as  reported  previously  (8).  In  contrast,  the  same  gene  therapy  protocol  did 
not  alter  the  growth  of  the  4T1  tumor.  These  findings,  together  with  the  results  of  our  previous 
study  showing  that  even  the  growth  of  the  weakly  immunogenic  B16  tumor  was  partially 
suppressed  by  IL-12  gene  therapy  (8),  add  further  support  to  our  confirmation  that  the  4T1  tumor 
is  apparently  non-immunogenic  in  nature. 

Because  4T1  does  appear  to  be  non-immunogenic  by  multiple  criteria,  including  the  lack  of 
effect  of  IL-12  gene  therapy,  we  were  surprised  that  the  same  therapy  significantly  reduced  its 
the  degree  of  metastasis  to  the  lungs.  These  data  are  unprecedented,  to  our  knowledge,  and 
imply  that  the  lack  of  a  therapeutic  effect  on  the  primary  solid  tumor  does  not  necessarily  mean 
the  absence  of  antitumor  effect.  In  addition,  we  show  in  this  study  that,  in  contrast  with  the  T 
cell-dependent  antitumor  effect  of  IL-12  gene  therapy  against  immunogenic  tumors  (8),  the  anti¬ 
metastatic  effect  against  the  4T1  tumor  appeared  to  be  not  T  cell-mediated.  These  results  are  in 
agreement  with  the  studies  using  some  other  cytokine  gene  therapy  strategies,  which  showed  that 
the  antitumor  responses  may  not  involve  T  cells  (27). 

The  mechanisms  of  the  anti-metastatic  effect  of  IL-12  gene  therapy  in  the  4T1  tumor  model  are 
not  clear  at  this  time.  It  appears  that  T  cell  activities  including  T  cell-mediated  cytotoxicity  are 
not  involved,  since  an  anti-metastatic  effect  of  similar  magnitude  was  also  observed  in  T  cell 
deficient  (both  nude  and  T  cell-depleted)  mice.  Knowing  that  4T1  cells  metastasize  from  a 
subcutaneous  deposit  first  to  TDLN  and  then  into  lungs  and  other  organs  (13),  we  hypothesized 
that  some  local  or  regional  processes,  induced  by  transgenic  IL-12,  may  be  responsible  for  the 
reduction  of  tumor  metastasis  into  the  lungs.  Indeed,  we  found  in  a  preliminary  experiment  that 
following  IL-12  gene  therapy,  TDLN  cells  produced  factor(s)  that  reduce  the  proliferation  of  4T1 
tumor  cells  in  vitro.  This  augmented  tumor  inhibitory  activity  was  not  detected  in  the  spleens  of 
control  DNA-treated  or  un-treated  mice  (data  for  un-treated  mice  not  shown).  These  results 
suggest  that  the  immune  activation  in  TDLN  induced  by  IL-12  gene  therapy  may  restrict  or 
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inhibit  tumor  metastasis  from  the  primary  tumor  site  into  the  lungs.  The  biochemical  nature  of 
the  substances  in  TDLN  accountable  for  the  observed  tumor-inhibitory  effect  has  yet  to  be 
determined.  We  showed  in  this  study,  in  agreement  with  others  (38),  that  increased  levels  of 
IFNy  were  produced  in  TDLN  following  IL-12  gene  therapy.  It  is  well  known  that  IFNy  is 
induced  by  IL-12  (5,21,22)  and  can  confer  direct  cytotoxicity  to  tumor  cells  (23).  Indeed, 
recombinant  murine  IFNy  did  inhibit  the  proliferation  of  4T1  cells  in  vitro  (Fig.  6B),  whereas 
recombinant  IL-12  did  not  (data  not  shown).  However,  a  preliminary  mAh  neutralization 
experiment  showed  that  the  tumor-inhibitory  factor  released  from  TDLN  cells  in  culture  is 
apparently  not  IFNy. 

In  Results,  in  discussing  the  lack  of  apparent  IL-12  toxicity  with  our  IL-12  gene  therapy 
protocol,  we  briefly  mentioned  that,  compared  to  IL-12  protein  therapy,  we  are  delivering  much 
lower  systemic  levels  (~1 000-fold)  in  a  localized  manner  at  the  tumor  site.  Another  distinct 
feature  of  the  gene  therapy  approach  is  that  we  are  achieving  a  slow,  continuous  release  of  IL-12 
over  a  period  of  several  days.  Thus  it  is  not  clear  whether  the  observed  anti-metastatic  effect  in 
the  lungs  is  due  solely  to  the  presence  of  the  transgenic  IL-12  protein,  or  may  also  be  due  to  the 
slow,  continuous  release  achieved  via  the  epidermal  gene  transfection.  For  example,  it  is 
possible  that  the  slow  release  of  localized,  transgenic  IL-12  protein  can  activate  regional 
immunity  in  a  different  way  than  the  bolus  injection  of  rIL-12  protein  which  would  rapidly 
diffuse  under  in  vivo  conditions.  The  mechanism  of  the  observed  phenomenon  -  an  efficacious 
anti-metastatic  activity  in  the  absence  of  T  cell  immunity  -  hence  warrants  further  investigation. 

We  suggest,  based  on  this  and  previous  studies  (8,9),  that  gene  gun-mediated  in  vivo  IL-12  gene 
therapy  approach  may  be  developed  as  an  effective  and  safe  alternative  to  systemic  IL-12  protein 
therapy.  The  TS/A  and  4T1  mammary  tumor  cell  lines  used  in  this  study,  and  the  different 
antitumor  effect  of  IL-12  gene  therapy  on  primary  tumors  versus  visceral  metastases,  may 
provide  a  highly  desirable  experimental  model  for  immunotherapy  and  gene  therapy  studies 
related  to  human  breast  cancer.  Our  specific  strategy  for  future  research  is  to  increase  the  anti¬ 
tumor  immune  response  either  by  combining  the  IL-12  gene  pair  with  other  cytokine  (IL-2,  TNF) 
genes  in  vivo,  or  by  increasing  tumor  cell  immunogenicity  via  ex  vivo  transfection  with  IFNy, 
GM-CSF,  or  B7-1  genes.  We  believe  that  extension  of  this  study  may  provide  an  experimental 
rationale  for  proceeding  to  a  clinical  trial  of  gene  gun-mediated  IL-12  gene  therapy  for  breast 
cancer. 

B4.  Recommendations  in  Relation  to  the  Statement  of  Work 


The  work  completed  to  date  strongly  supports  our  expectation  that  IL-12  gene  therapy  protocols 
developed  in  murine  cancer  models  of  other  histological  types,  and  found  to  be  effective  in  those 
tumor  models,  would  have  similar  anti-tumor  effects  in  murine  models  of  mammary  cancer.  The 
most  significant  obstacle  encountered  to  date  is  that  one  of  the  three  proposed  murine  mammary 
cancer  models,  DA-DMBA-3,  could  not  be  used  in  these  studies  because  of  viral  contamination. 
To  safeguard  the  integrity  of  our  mouse  colony,  we  routinely  test  tumor  lines  for  viral  infections 
before  using  them  in  animal  experiments.  The  DA-DMBA-3  line  tested  positive  for  parvovirus, 

and  we  have  received  no  response  to  repeated  requests  for  a  second  vial  that  may  have  been 
frozen  before  the  viral  infection  occurred. 
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Another  difference  from  the  Statement  of  Work  is  that  some  experiments  have  been  done  sooner 
than  originally  projected.  Specifically,  we  performed  some  preliminary  experiments  on  anti¬ 
metastatic  effect  of  IL-12  gene  therapy  against  the  4T1  tumor  and  T  cell  involvement  in  this 
effect  earlier  than  originally  planned  because  the  first  experiment  had  shown  very  interesting  and 
unexpected  results  and  because  we  were  curious  to  obtain  a  preliminary  indication  regarding  the 
cellular  mechanisms  of  the  anti-metastatic  effect  against  a  non-immunogenic  tumor. 

Otherwise,  we  plan  to  follow  the  Statement  of  Work  as  originally  outlined.  Thus,  in  the  coming 
year,  we  plan  to: 

•  Determine  whether  a  standard  ex  vivo  gene  gun  transfection  protocol  developed  in  our 
laboratory  can  be  usefully  employed  for  transfection  or  co-transfection  of  non-immunogenic 
4T1  tumor  cells  with  B7-1,  IL-12,  IFNy  or  other  immune  modulatory  molecules,  resulting  in 
increased  tumor  immunogenicity  and  augmented  antitumor  effect  of  IL-12  gene  therapy. 

•  Evaluate  the  role  of  NK  cells  in  the  observed  effect  of  IL-12  gene  therapy  against  the  4T1 
tumor. 

C.  CONCLUSIONS 


•  The  TS/A  mammary  adenocarcinoma  is  moderately  immunogenic,  whereas  the  4T1 
mammary  adenocarcinoma  is  apparently  non-immunogenic. 

•  IL-12  gene  therapy  of  the  immunogenic  TS/A  adenocarcinoma  results  in  complete  regression 
of  50%  of  established  primary  tumors  and  induction  of  immunological  memory. 

•  IL-12  gene  therapy  of  the  non-immunogenic  4T1  adenocarcinoma  does  not  significantly 
affect  the  growth  of  the  primary  tumor,  but  reduces  metastasis  into  the  lungs. 

•  A  brief  course  of  IL-12  gene  therapy  significantly  extends  mouse  survival  time  following  ex¬ 
cision  of  a  4T1  primary  tumor. 

•  The  anti-metastatic  effect  of  IL-12  gene  therapy  against  the  4T1  tumor  appears  not  to  be  T 
cell-mediated. 
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Table  1.  Anti-metastatic  effect  of  IL-12  gene  therapy  against  a  nonimmunogenic  4T1 
tumor. 

Exp 

Treatment3 

No  mice 

Lung  Weight  (g)b 

P 

Mean  ±  SEM 

I 

Luc 

8 

0.756  ±  0.063 

IL-12 

8 

0.368  ±  0.036 

<0.001 

II 

Luc 

8 

0.567  ±  0.066 

IL-12 

8 

0.381  ±0.030 

<0.025 

None 

8 

0.544  ±0.056 

<0.025 

III 

Luc 

8 

0.593  ±0.07 

IL-12 

7 

0.363  ±  0.025 

<0.01 

a  Balb/c  mice  were  injected  i.d.  with  105  4T1  tumor  cells.  On  days  7,  10, 

13  and  16  post  tumor  cell  implantation,  skin  overlying  the  tumor  was  transfected 
with  5  pg  of  IL-12  cDNA  or  Luc  cDNA,  or  left  untreated  (Experiment  II). 

b  On  day  3 1  after  tumor  cell  implantation,  mice  were  sacrificed  and  lung  weight  was 
determined.  The  results  of  three  independent  experiments  are  shown. 
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Table  2.  Enhanced  production  of  IFNy  in  tumor-draining  lymph  nodes  following  IL-12 
gene  therapy. 


In  Vivo  Treatment2 

IFNy  activity  (ng/ml)b 

Mean  ±  SEM 

None 

5.2  ±0.7 

N.S.C 

Luc 

35.2  ±15.0 

<0.01 

IL-12 

163.6  ±21.2 

a  Balb/c  mice  were  injected  i.d.  in  the  middle  of  abdomen  with  105  4T1  tumor  cells. 

On  days  7  and  9  post  tumor  cell  implantation,  skin  overlying  the  tumor  was 
transfected  with  5  pg  of  IL-12  cDNA  or  Luc  cDNA,  or  left  untreated. 

b  On  day  10  post  tumor  cell  implantation,  axillary  lymph  nodes  were  removed,  and 
2.5x1 06  lymphoid  cells  were  placed  in  culture  without  stimulation  for  48  hr.  IFNy  levels  in 
the  supernatants  were  determined  by  ELISA.  The  results  are  presented  for  3-5  mice  per 
group. 

c  N.S.  -  not  significant 
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FIGURE  LEGENDS 


Figure  1.  Under  the  conditions  used,  the  TS/A  tumor  line  is  immunogenic  while  4T1  is  not. 
Immunogenicity  of  TS/A  and  4T1  adenocarcinomas.  Balb/c  mice  were  injected  i.d.  on  the  right 
side  of  abdomen  with  106  gamma-irradiated  TS/A  (A)  or  4T1  (B)  tumor  cells  twice  at  an  interval 
of  3  weeks.  One  month  after  the  second  immunization,  vaccinated  mice  and  naive  control  mice 
were  challenged  i.d.  on  the  left  side  of  abdomen  with  105  corresponding  replicating  tumor  cells, 
and  tumor  growth  was  followed.  Mean  tumor  diameters  +  SEM  are  shown  for  7-8  mice  per 
group. 

Figure  2.  Antitumor  effect  of  IL-12  gene  therapy  against  established  primary  mammary  tumors. 
This  experiment  shows  that  IL-12  gene  therapy  was  effective  against  an  established  primary 
tumor  of  the  moderately  immunogenic  TS/A  line  but  not  against  the  non-immunogenic  4T1  line. 
Mice  were  injected  i.d.  with  105  TS/A  or  4T1  tumor  cells.  Gene  therapy  with  IL-12  cDNA  or 
Luc  cDNA  (control)  was  performed  on  days  7,  10,  13  and  16  post  tumor  cell  implantation  as 
indicated  by  arrows.  Numbers  (0/8,  4/8)  indicate  mice  with  completely  regressed  tumors.  Data 
are  mean  tumor  diameters  ±  SEM  for  8  mice  per  group. 

Figure  3.  IL-12  gene  therapy  in  TS/A  tumor-bearing  mice  results  in  development  of 

immunological  memory  as  tested  by  a  rejection  of  secondary  tumor  challenge.  Balb/c  mice  that 
rejected  TS/A  tumors  following  IL-12  gene  therapy  were  injected  intradermally  one  month  later 
with  1x10s  of  TS/A  cells.  As  a  control,  the  tumor  cells  were  injected  into  age-matched  naive 
Balb/c  mice.  Data  are  presented  as  the  means  +  SEM  of  5  mice  per  group. 

Figure  4.  Increased  induction  of  CTL  activity  in  mice  that  rejected  TS/A  tumors  following  IL- 
12  gene  therapy.  Tumor-specific  CTL  were  generated  in  vitro  against  TS/A  tumor  cells.  Mean  + 
SEM  of  4  mice  per  group.  Spleen  cells  from  IL-12  gene-treated  mice  generated  significantly 
higher  levels  of  CTL  activity  than  spleen  cells  from  naive  mice  (p<0.005).  Effector-stimulator 
ratio  30:1. 

Figure  5.  Reduction  of  lung  metastases  of  a  non-immunogenic  tumor  line  following  IL-12  gene 
therapy.  Mice  were  injected  i.d.  with  105  4T1  tumor  cells.  Gene  therapy  with  IL-12  cDNA 
(bottom  of  figure)  or  Luc  cDNA  (top)  was  performed  on  days  7,  10,  13  and  16  post  tumor  cell 
implantation,  and  the  lungs  removed  on  day  31.  A  photograph  of  four  representative  lungs  from 
each  group  is  shown. 

Figure  6.  IL-12  gene  therapy  increases  survival  from  metastasis  of  a  non-immunogenic  tumor. 
Mice  showed  significantly  increased  survival  times  (see  text)  after  IL-12  gene  therapy  followed 
by  excision  of  the  primary  tumor.  Mice  were  injected  i.d.  with  105  4T1  tumor  cells.  Mice  were 
untreated,  or  treated  with  IL-12  cDNA  or  Luc  cDNA  on  days  3,  7  and  10  (A)  or  days  4,  7  and  10 
(B)  post  tumor  cell  implantation,  and  the  primary  tumor  was  excised  on  day  1 1 .  Survival  of  the 
mice  was  followed.  Data  from  two  independent  experiments  are  presented  for  12  mice  per  group 
(Expt.  A)  and  16  mice  per  group  (Expt.  B). 


22 


Figure  7.  IL-12  gene  therapy  has  an  anti-metastatic  effect  against  the  4T1  tumor  in  athymic 
nude  mice.  Euthymic  Balb/c  mice  and  athymic  nude  mice  were  injected  i.d.  with  105  4T1  tumor 
cells.  Gene  therapy  with  IL-12  cDNA  or  Luc  cDNA  was  performed  on  days  7,  10,  13  and  16 
post  tumor  cell  implantation.  The  lungs  were  removed  on  day  31,  and  their  weight  was 
determined.  Data  are  mean  lung  weight  +  SEM  for  8  mice  per  group. 

Figure  8.  Anti-metastatic  effect  against  4T1  is  retained  in  T-depleted  mice.  Balb/c  mice  were 
injected  i.d.  with  lxlO5  4T1  cells.  Skin  was  transfected  with  IL-12  or  Luc  cDNA  expression 
vectors  on  days  7,  10,13  and  16  post  tumor  implantation.  Both  anti-CD4  mAh  (clone  GK1.5) 
and  anti-CD8  mAh  (clone  2.43),  each  at  a  dose  300  pg/mouse,  were  administered 
intraperitoneally  on  days  6,  11  and  16  after  tumor  implantation.  Control  groups  included  mice 
that  were  treated  with  the  IL-12  gene  and  received  rat  IgG  (Sigma)  at  the  same  doses  and 
schedule  as  the  anti  CD8-and  CD4  mAh,  or  mice  treated  with  the  Luc  gene  instead  of  the  IL-12 
gene.  Mean  Lung  Weight  +  SEM  are  shown  for  8  mice  per  group  on  day  31  post  tumor  cell 
implantation. 

Figure  9.  IL-12  gene  therapy  results  in  tumor-inhibitory  effect  in  tumor-draining  lymph  nodes. 
Mice  received  skin  transfections  with  IL-12  cDNA  or  Luc  cDNA  on  days  7  and  10  post  4T1 
tumor  cell  implantation.  On  day  11,  axillary  lymph  nodes  were  removed,  and  TDLN  cells 
pooled  from  4  mice  per  group  and  cultured  in  medium  without  stimulation  for  48  hr.  Different 
dilutions  of  cell-free  supernatants  were  added  to  a  culture  of  4T1  cells,  and  tumor  cell 
proliferation  was  measured  48  hr  later  by  H-thymidine  uptake.  (A)  A  dose-dependent,  tumor- 
inhibitory  activity  of  TDLN  cell  supernatants  was  found  after  IL-12  gene  therapy.  Means  of 
Proliferation  Inhibition  Index  (%)  of  four  mice  per  group.  (B)  The  observed  inhibitory  activity 
of  TDLN  cell  supernatants  was  not  neutralized  by  anti-IFNy  mAh,  whereas  tumor-inhibitory 
activity  of  rMuIFNy  (6  ng/ml)  was  neutralized.  Numbers  indicate  the  Proliferation  Inhibition 
Index  (%).  Data  are  means  +  SEM  of  triplicates. 
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